Abstract: Diglycolamic acid was anchored on a polyamine matrix and the product (PA-DGAH) was characterized by ion-exchange capacity measurement, TG-DTA and FT-IR spectroscopy. The extraction behavior of Am(III) and Eu(III) in PA-DGAH was studied from dilute nitric acid medium to examine the feasibility using the anchored adsorbent for their mutual separation. The effect of various parameters such as the duration of equilibration, concentration of europium, nitric acid and diethylenetriaminepentaacetic acid (DTPA) in aqueous phase on the distribution coefficient ( d ) of Am(III) and Eu(III) was studied.
Introduction
Closing of nuclear fuel cycle is required for efficient utilization of fissile elements present in the spent nuclear fuel [1] . Reprocessing of spent nuclear fuel, for closing the nuclear fuel cycle, is being carried out by an aqueous based PUREX process. The raffinate rejected after the extraction of uranium and plutonium by PUREX process is known as high-level liquid waste (HLLW) [1, 2] . It contains small amounts of trivalent actinides such as 241 Am and 243 Cm. These elements are commonly called as minor actinides. The radiotoxicity of HLLW is essentially due to these alpha emitting radionuclides. Partitioning of minor actinides from HLLW and transmutation (P&T strategy) in to short-lived or innocuous products is an attractive and viable option for the safe management of HLLW [2, 3] . The current method of partitioning involves the separation of trivalent actinides from HLLW together with lanthanides in the first step, followed by mutual separation of lanthanides from actinides or vice-versa in the second step [4, 5] . The mutual separation is necessary prior to transmutation, since the lanthanides act as neutron poisons during transmutation of actinides [6, 7] .
The feed solution for lanthanide-actinide (Ln-An) separation is composed of dilute nitric acid solution (0.1 M to 0.001 M) containing minor actinides and lanthanides [6, 7] . It is well recognized that Ln-An separation is a challenging task, since both actinides and lanthanides exist in trivalent oxidation state in the feed solution. The methods developed so far, for the Ln-An separation usually exploits the finer differences in the chemical behavior of lanthanides and actinides towards various ligands [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . According to HSAB concept, the lanthanides are classified as hard acids as compared to the trivalent actinides. Therefore, the ligands having O-donor atoms preferentially complexes with lanthanides; whereas the ligands with S-or N-donor atoms complexes with trivalent actinides [15] [16] [17] . In addition, the valence 5f-orbitals of actinides are spatially extended more as compared to the 4f-orbitals of lanthnides and thus the trivalent actinides have a greater tendency to form covalent bonding as compared to the lanthanides [11, 12] .
Methods based on solvent extraction have been extensively investigated for the mutual separation of lanthanides and actinides [6] [7] [8] [9] [10] [11] [12] . In contrast to this, the studies on the mutual separation of lanthanides and actinides using solid phase extraction are very limited. This is essentially due to the lack of availability of adsorbents suitable for lanthanide-actinide separation. In fact, solid phase extraction methods are more suitable for the separation of small concentration of actinides from the feed solution, as in the present case [18, 19] . However, extensive studies have been reported in literature on the separation of toxic heavy metal ions from wide variety of aqueous feeds using solid phase extraction [20] [21] [22] [23] . In addition, solid phase adsorbents have also been employed for the separation of actinides from aqueous solutions [24] [25] [26] [27] [28] [29] . For instance, Sabbarwal et al. [25] studied the extraction behavior of U(VI) and Pu(IV) from nitric acid medium on phosphinic acid anchored resins. Maheswari et al. [28] synthesized p-amino-N,N-dihexyl-acetamide anchored on resin and studied the extraction behavior of U(VI) from nitric acid medium. Robert Selvan et al. [30] reported oxy-acetamide anchored Merrifield resin for the separation of trivalent actinides and lanthanides from nitric acid medium. However, the studies on the mutual separation of lanthanides and actinides by solid phase adsorbents are very limited.
Diglycolamides (DGAs) are emerging as promising candidates for the separation of trivalent actinides from 3-4 M nitric acid medium [31] [32] [33] . The monoacid derivative of diglycolamides, namely the alkyl diglycolamic acid, is also a promising extractant for the separation of trivalent metal ions from nitric acid medium. However, the acid derivative can extract the trivalents from dilute nitric acid (< 0.5 M) medium, unlike the diglycolamides.
In this context, Shimojo et al. [34] studied the extraction behaviour of lanthanides using N,N-dioctyldiglycolamic acid (DODGAA) and reported the mutual separation of lighter, middle and heavier lanthanides using DODGAA and tetrakis(2-pyridylmethyl)ethylenediamine (TPEN). We also synthesized [35, 36] a new diglycolamic acid namely, N,N-bis(2-ethylhexyl)diglycolamic acid, and demonstrated the [36] the Ln-An separation by solvent extraction procedure in a mixer-settler. In addition, various alkyl derivatives of glycolamic acids were physically impregnated in a porous polymer and the extraction behavior of Eu(III) and Am(III) was studied [10] . A separation factor of ∼ 15 was reported for Eu(III) to Am(III) separation. However, covalent linking of diglycolamic acid on to organic polymeric matrix has not been explored so far. Linking of diglycolamic acid on a polymeric matrix could avoid the loss of diglycolamic acid normally encountered in extraction chromatography and solvent extraction procedures.
Therefore, the objective of the present paper is to anchor the diglycolamic acid on to a organic polyamine matrix and studies on the extraction behavior of Am(III) and Eu(III) from dilute nitric acid medium. Since the concentration of nitric acid in the feed solution for lanthanideactinide separation falls in the range 0.1 M to 0.001 M, all the extractions studies were conducted in this acid concentration ranging from 0.001 M to 0.5 M. The effect of various parameters such as the duration of equilibration, concentrations of nitric acid, europium ion and diethylenetriaminepentaacetic acid (DTPA) in aqueous phase on the distribution coefficient ( d ) of Am(III) and Eu(III) on PA-DGAH was studied. The conditions needed for efficient separation of americium(III) from europium(III) was optimized using DTPA.
Experimental

Materials and methods
All the chemicals and reagents used in the study were of analytical grade. Diglycolic anhydride (Alfa Aesar), diethylenetriaminepentaacetic acid (LOBA) and sodium nitrate (E-Merck) were used without any purification. and dissolved in nitric acid. The polyamine resin was commercially available as Tulsion A-10X-MP and it was procured from M/s. Thermax India Pvt. Ltd., Pune. Tulsion A-10X-MP is a cross-linked polyacrylic based resin having total exchange capacity of 3 meq/g (of the dry resin) and particle size varies from 300-500 μm, containing 95% of primary amine functionalities and 5% secondary and tertiary amine functionalities.
Preparation of PA-DGAH
PA-DGAH was synthesized by the condensation reaction between diglycolic anhydride present in chloroform (100 mL) and Tulsion A-10X-MP resin. The quantity of diglycolamic anhydride and Tulsion A-10X MP taken for synthesis are tabulated in Table 1 . The reaction scheme is shown in Figure 1 . The reagents were taken in a round bottom flask equipped with a CaCl 2 guard tube. The mixture was refluxed at 440 K for 18 h. The resin beads were separated by filteration and washed several times with water, isopropanol and acetone. The anchored resin was airdried and used for equilibration studies. 
Measurement of distribution coefficient the metal ions
Distribution coefficients of the metal ions Eu(III) or Am(III) were determined by equilibration experiments. The method involved equilibration of 0.05 g of the adsorbent with 10 mL of the aqueous phase (nitric acid at concentration varied from 0.001 M to 0.5 M) spiked with the corresponding radiotracers (∼ 10 −4 M 241 Am tracer was used for Am(III) and (152+154) Eu tracer was used for Eu(III)) in 20 mL stoppered test-tubes. The test-tubes were rotated with a constant speed of 50 rpm for a specified period of time. The system was maintained at constant temperature thermostat (298 K). After equilibration, the radioactivities of the radiotracers were determined by radiation counting techniques by using NaI(Tl)-Single Channel analyser. The distribution coefficient ( d ) was computed from the radioactivity measurement of aqueous phase using Equation (1) . The separation factor (SF) was determined using Equation (2) .
where 0 and f are the initial and final radioactivity of aqueous phase. is the volume of aqueous phase, and is the mass of the sorbent taken for equilibration.
To understand the extraction behavior of metal ions in the walls of the the test-tube (for blank correction), experiments were conducted by equilibrating 10 mL of the 0.01 M nitric acid solution (or 0.001 M) spiked with The effect of nitric acid concentration in aqueous phase on the distribution coefficient of Eu(III) and Am(III) was studied by varying the concentration of HNO 3 in aqueous phase from 0.001 to 0.5 M. Activity coefficient of the feed was calculated by the Brombley's model of Debye Huckel's equation as described elsewhere [35] . The effect of DTPA concentration on the distribution coefficient was also studied by the procedure described above. The concentration of DTPA in aqueous phase was varied in this case at a fixed pH. All the equilibration experiments were conducted in triplicate and the radioactivity of the aqueous supernatant was measured five times. The distribution coefficients derived from these measured values agree within 5% error.
Since the actual feed solution for lanthanide-actinide separation is generally composed of all lanthanides in addition to Am(III), the distribution coefficient of lanthanides was also determined. The procedure involved equilibration of the sorbent with 0.001 M nitric acid containing all the lanthanides (except Pm, with 10 −5 mol/L of each Ln(III)). The concentration of lanthanides in aqueous phase before and after equilibration was measured by ICP-OES. From the concentration of individual lanthanides the distribution coefficients of all lanthanides were determined.
Kinetic studies
Rate of uptake of Am(III) ( 
Adsorption isotherm
Batch experiments were conducted at 298 K by equilibrating 0.05 g of the sorbent with 10 mL of nitric acid solution containing various quantities of europium nitrate spiked with 
Capacity measurements
Total ion exchange capacity of the sorbent under dynamic condition was measured by column chromatography. About 1 g of the sorbent was initially immersed in water and loaded into a glass column of radius 0.5 cm. The resin was conditioned by using 0.1 M of nitric acid (50 mL). An experimental feed solution was composed of 0.1 M NaOH (100 mL) was passed through the resin and the effluent was collected in a 250 mL standard flask. This was followed by passing water through the resin bed and the effluent was collected in the same standard flask up to the mark. The flow rate of the effluent was maintained at a flow rate of 2 mL/min. Ion exchange capacity of the resin was measured from the total amount of sodium exchanged with the resin, which was measured by titrating the feed against potassium hydrogen phthalate.
Instrumentation
IR spectrum of the resins were recorded using Bomem FTIR spectrometer model -103. TG-DTA pattern was recorded by subjecting the sample at a heating rate of 10 K/minute in air for the temperature range of 298-1073 K using thermogravimetric analyzer, Mettler Toledo (TGA/SDTA 851e). Ultima C spectroanalyser (Jobin Yvon, France) equipped with ICP excitation source was used for measuring the concentrations of lanthanides in the present study.
Results and discussions
Anchoring of diglycolamic acid on polyamine (PA) bead was carried out by reacting Tulsion 10X-MP resin with diglycolic anhydride. In this reaction, the quantity of polyamine taken was fixed (10 g) and amount of diglycolic anhydride was varied to optimize the amount of diglycolic anhydride needed for efficient anchoring. The product, PA-DGAH obtained was subjected to equilibration studies and the distribution coefficient of Eu(III) in PA-DGAH at pH 3 was determined. The results are shown in Table 1 . It can be seen that the distribution coefficient of Eu(III) increases with increase in the quantity of diglycolic anhydride taken for the reaction. When the weight ratio of polyamie to diglycolic anhydride was above 1 : 32, there was no significant change in the distribution coefficient of Eu(III) in PA-DGAH. Therefore, the amounts of polyamine and diglycolic anhydride was fixed at 1 : 32 for bulk preparation of the adsorbent.
The IR spectrum of the product (PA-DGAH) is compared with the polyamine matrix in Figure 2 . It can be seen that PA-DGAH contains the transmittance bands at 1643 cm −1 and 1743 cm −1 . They are responsible for the C=O stretching of amidic (-NH-C=O) and terminal carboxylic acid (-C=O(OH)) groups respectively. In addition, the PA-DGAH also show the bands responsible for C-H stretching at 2800 cm −1 and C-H bending at peak occurring in the DTA pattern above 550 K results in a peak at ∼ 990 K is due to combustion of organics present in both polymers.
Kinetics of extraction
The rate of uptake of Am(III) and Eu(III) by PA-DGAH at various pH values is shown in Figure 5 . It can be seen that the percentage of extraction of Am(III) and Eu(III)
increases with increase in the duration of equilibration. After four hours of equilibration, the changes in percentage of extraction of Am(III) and Eu(III) in PA-DGAH is insignificant. Therefore, for all extraction studies the resin and aqueous phases were equilibrated for about seven hours to ensure equilibrium is established. A couple of models have been considered for fitting the kinetics of extraction. They are the pseudo-first order model shown in Equation (3) and the pseudo-second order model shown in Equation (4) . The rate of extraction of the metal ion in the resin phase (mmol/g) is directly proportional to the concentration of "free" sites, free , available for extraction. 
where is the amount of metal ion extracted at time (in mmol g −1 ), free is the "free sites" available for extraction (in mmol g −1 ) and 1 and 2 are the pseudo-first order and pseudo-second order rate constants. To trend the extraction of metal ions as a function of time observed in Figure 5 , the free can be tacitly related to the amount of metal ions extracted at equilibrium by Equation (5).
where e is the amount of metal ion extracted at equilibrium (in mmol/g). Substituting Equation (5) in Equation (3) results in Equation (6) .
Integrating the Equation (6) between the limits = 0 to and = 0 to results in the Lagregren equation of the form shown in Equation (7).
Similarly, substituting free in Equation (4) and upon integration results in the pseudo-second order equation of the Table 2 : Rate constants ( 1 and 2 ) obtained by non-linear regression of the kinetics of extraction using Equations (7) and (8) . 
Metal ion
Non linear regression of the experimental data using Equations (7) and (8) results in a determination of rate constants 1 and 2 . The fitting of the experimental kinetic data using Equation (7) is shown in Figure 5 and that using Equation (8) is shown in Figure 6 . The fitting constants and statistical parameters are tabulated in Table 2 This indicates that the data were described well by the pseudo-second order rate Equation (8) (Figure 6 ). From Table 2, it can be seen that the rate constants ( 1 and 2 ) increases with increase of pH and the magnitude of rate constant is more for Eu(III) extraction. This could be due to the strong affinity of O-donor ligand (present in PA-DGAH) towards the hard acid metal ion Eu(III) as compared to Am(III) ion.
Extraction of Am(III) and Eu(III) in PA-DGAH
The adsorbent PA-DGAH is a cation exchanger. The variation in the distribution coefficient of Am(III) and Eu(III)
as a function of nitric acid concentration is shown in Figure 7 . It can been seen that the distribution coefficient of both metal ions decreases with increase in the concentration of nitric acid, indicating the involvement of cation exchange mechanism operating for the extraction of these metal ions in PA-DGAH. Therefore, it can be expected that PA-DGAH to release 3 moles of H + ions for the extraction of a mole of trivalent metal ion, according to Equation (9), shown below.
where PA-DGAH sorb is the sorbent phase and the PA-DGA is the proton dissociated form of the sorbent. The equilib- rium constant for the above reaction is given by
However for very dilute solutions as in the present case
Therefore,
where
Since the amount of PA-DGAH taken for equilibration is constant, the variation of d with H + ion in aqueous phase is given by Equation (11) . is shown in Figure 7 . Linear regression analysis of the extraction data results in a slope of −2 for both Eu(III) and Am(III) extraction in PA-DGAH, instead of the expected slope of −3. This indicates that PA-DGAH releases two moles of H + ions for the extraction of a mole of Eu(III) or Am(III). However, the observed slope of −2 is similar to the extraction behavior of Am(III) and Eu(III) reported in the solution of diglycolamic acid present in -dodecane by solvent extraction mode [35, 36] . It was reported that trivalent metal ions extraction in diglycolamic acid results in the co-extraction of nitrate from the aqueous phase. Accordingly, the extraction of Am(III) and Eu(III) in PA-DGAH could be represented as
To confirm the participation of nitrate ion and the validity of Equation (17), the effect of sodium nitrate in aqueous phase on the extraction of Am(III) and Eu(III) was studied. The results on the variation of d as a function of activity of sodium nitrate is shown in Figure 8 . It can be seen that the distribution coefficient of Am(III) and Eu(III) increases with increase in the concentration of sodium nitrate, indicating participation of nitrate ion in the extraction. Linear regression analysis of the extraction data results in the slope of 1, confirms the validity of Equation (17) , for the extraction of Am(III) and Eu(III) in PA-DGAH.
Extraction isotherm
The extraction isotherm of Eu(III) in PA-DGAH is shown in Figure 9 . The loading of Eu(III) in PA-DGAH is increases with increase in the amount of Eu present in the aqueous phase. The loading of Eu(III) also increases with increase of pH of aqueous phase. The experimental data can be fitted to Langmuir [38] or Freundlich [39, 40] isotherms of the form given by Equations (18) and (19) respectively.
where sol is the amount of Eu(III) present in aqueous phase at equilibrium (in mg/L), sor is the amount of metal Table 3 : Apparent extraction capacity of Eu(III), Langmuir and Freundlich constants obtained by non-linear regression of the extraction data using Equations (14) and (15) . ion loaded in sorbent phase at equilibrium (in mg/g), L (in L/mg) and F (in L/mg) are the Langmuir and Freundlich constants, is the apparent extraction capacity (in mg/g) and (0 < < 1) is a measure of heterogeneity of the sorbent [38] . The Langmuir and Freundlich constants can be related to the energy of adsorption and therefore it is regarded as the measure of affinity of the metal ion toward the adsorbent. When = 1, the sorbent is said to be homogeneous and all the adsorption sites are indistinguishable with respect to energy of adsorption. From Langmuir adsorption isotherm (Equation (18)), it can be shown that → at high concentration of metal ions in aqueous phase, that is at high sol values. Non-linear regression of the experimental data using Equations (18) and (19) are shown in Figure 9 . The regression coefficients and 2 values are tabulated in Table 3 . It can be seen from Figure 9 that the experimental data are described well by Langmuir adsorption isotherm. From Langmuir fitting the apparent extraction capacity of Eu(III) in PA-DGAH was determined to be 28 mg/g and 12 mg/g at pH 3 and 2 respectively. 
Effect of DTPA and separation factor
DTPA is an aqueous soluble N-donor ligand preferentially complexes with Am(III) and retains Am(III) in aqueous phase as compared to Eu(III). The use of DTPA as aqueous complexing agent for increasing the separation factor of Eu(III) over Am(III) has been reported by several researches [7, 8, 35] . Figure 10 shows the distribution coefficient of Eu(III) and Am(III) in PA-DGAH at pH 3. 
Effect of other trivalent lanthanide ions
Since the actual feed solution for lanthanide-actinide separation is composed of some otherlanthanides (Ln(III)) also in addition to Eu(III), the distribution coefficients of some lanthanides in PA-DGAH at pH 3 was also determined. The distribution coefficients of Ln(III) are shown in Figure 11 . It can be seen that, the distribution coefficients of lanthanides increases from lanthanum to dysprosium. This could be due to the enhanced complexation of the ligand (PA-DGAH) towards lanthanides from La to Dy. The lanthanide contraction decreases the ionic radii of trivalent lanthanides from La(III) to Dy(III). This increases the ionic potential (charge to radius ratio) of lanthanides from La(III) to Dy(III) and therefore the hard acid nature of lanthanides. Since the ligand (PA-DGAH) coordinates with lanthanides through oxygen donor, the distribution coefficient of lanthanides in PA-DGAH increases from Ln(III) to Dy(III). A similar extraction trend was also reported by several other researchers [34] .
Conclusions
A new Diglycolamic acid (PA-DGAH) anchored polyamine resin was prepared and studied for the extraction of americium(III) and europium(III) from dilute nitric acid medium. Pseudo-second order rate of extraction of Am(III) and Eu(III) was observed in PA-DGAH and the rate constant ( 2 ) was determined to be separation of Am(III) from Eu(III) was optimized to be 0.03 to 0.05 M at pH 3. The study confirmed the feasibility of separating Am(III) from Eu(III) with a separation factor of ∼ 45 by using PA-DGAH.
